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Introduction
The climate of the tropical Pacific is dominated by an irregular interannual fluctuation known as the El Niño-Southern Oscillation (ENSO), where a warm episode is called an El Niño, and a cold episode, a La Niña. The classical paradigm that the extratropical atmosphere responds linearly to opposite phases of ENSO via teleconnection [Wallace and Gutzler, 1981] has been questioned by recent evidence from climate statistics and numerical models, suggesting that the global atmospheric response to the tropical Pacific sea surface temperature (SST) anomalous forcing is inherently nonlinear [Hoerling et al., 1997 [Hoerling et al., , 2001 Sardeshmukh et al., 2000; Hannachi, 2001; Wu et al., 2003] . The North America winter climate response to ENSO shows an eastward phase shift of the circulation anomalies (by about 35 • ) between the composites of warm ENSO episodes and the composites of cold episodes, with the two wave trains manifesting different tropical origins [Hoerling et al., 1997] . Composites of observed surface air temperature and precipitation anomaly over North America during El Niño years are also not exactly anti-symmetrical to those during La Niña years [Shabbar et al., 1997; Montroy et al., 1998 ].
Pozo-Vázquez et al. [2001] mentioned that, in the North Atlantic area, no statistically significant sea level pressure (SLP) anomaly patterns were found associated with warm episodes, while during cold episodes a statistically significant SLP anomaly pattern resembling the positive phase of the North Atlantic Oscillation (NAO) [Hurrell, 1995] was found, suggesting a nonlinear association between the Euro-Atlantic climate and ENSO.
If x denotes an ENSO index, and if y is the extratropical atmospheric response to ENSO, how does one derive the nonlinear response function y = f (x)? A linear f is easily obtained by regressing the atmospheric variables upon an ENSO SST index, yielding atmospheric spatial patterns associated with the SSTA [e.g., Deser and Blackmon, 1995] . In this linear projection of the ENSO index to the atmospheric variables, the atmospheric patterns during El Niño are by definition strictly antisymmetrical to those during La Niña. Composite analysis computes the atmospheric patterns by averaging the data over the years when warm episodes occurred, and averaging over cold episodes.
While the patterns during warm and cold episodes are not forced to be anti-symmetrical, composite analysis does not yield a nonlinear response function. "One-sided linear regression", which calculates the linear regression between all occurrences of one sign of the SST index and the corresponding response variable [Hoerling et al., 2001] , fits to an f (x) forced to be linear for x > 0 and for x < 0 -a very restrictive class of nonlinear functions. Nonlinear canonical correlation analysis (NLCCA), a newly developed technique using neural networks (NN) [Hsieh, 2001] , has been applied to the observed SST and an ensemble of atmospheric general circulation model (AGCM) simulations [Wu et al., 2003] , where asymmetries occurred between El Niño and La Niña in the nonlinear mode for both the SST and atmospheric anomaly fields. The disadvantage of the NLCCA is that it trains three NNs separately and has a rather large number of model parameters, which requires many samples to obtain robust results when trying to extract weak signals. In short, extracting the general nonlinear response function of the atmosphere to ENSO has so far been elusive.
In the present work, a nonlinear projection of the ENSO SST index to the Northern Hemisphere winter (November to March) 500-mbar geopotential height (Z500), via a NN, is used to obtain the nonlinear response function f (x), and the nonlinear Z500 anomaly patterns associated with ENSO.
The SST index used is the leading principal component (PC) of the winter SSTA over the tropical Pacific. The multi-layer perceptron NN model with 1-hidden layer used here has a similar structure to the multivariate nonlinear regression model used for ENSO prediction by our group [Hsieh and Tang, 1998 ], except that it has only one predictor (the SST index) and multiple response variables (the 10 leading PCs of the Z500 anomalies). The input SST index is first nonlinearly mapped to four intermediate variables (called hidden neurons), which are then linearly mapped to 10 output variables. With enough hidden neurons, the NN is capable of modeling any nonlinear continuous function to arbitrary accuracy. Starting from random initial values, the NN model parameters are optimized so that the mean square error (MSE) between the 10 model outputs and the 10 leading PCs of the Z500 anomalies is minimized. To avoid local minima during optimization [Hsieh and Tang, 1998 ], the NN model was trained repeatedly 30 times from random initial conditions and the solution with the smallest MSE was chosen and the other 29 rejected.
Data and methodology
To reduce the possible sampling dependence of a single NN solution, we repeated the above calculation 400 times with a bootstrap approach. A bootstrap sample was obtained by randomly selecting data (with replacement) 268 times from the original record of 268 months, so that on average about 63% of the original record was chosen in a bootstrap sample [Efron and Tibshirani, 1993] . The ensemble mean of the resulting 400 NN models was used as the final NN solution, found to be insensitive to the number of hidden neurons, which was varied from 1 to 5 in a sensitivity test.
Results
The climate signal extracted by the nonlinear projection is manifested by a curve in the 10-dimensional phase space of the Z500 PCs; in contrast, the linear projection extracts a straight line in the same 10-D space. This curve was parabola-like (not shown) when viewed in the PC 1 -PC 2 plane and in the PC 1 -PC 3 plane, indicating that the Z500 response to the SST index is a nonlinear combination of some of its leading PC modes. For a specific value of the SST index, the NN solution gives the 10 Z500 PCs, which when combined with the corresponding spatial patterns of the PCs (called the empirical orthogonal functions, EOFs), yields the Z500 spatial anomalies associated with the given SST. As the SST index varies, both the pattern and amplitude of the Z500 spatial anomalies change, in contrast to the linear projection method, which gives a fixed spatial pattern and a variable amplitude.
When the SST index takes on its minimum value (i.e. strong La Niña), three large anomalies appear in the Z500 anomaly field (Fig. 1a) over North Pacific and North America, resembling a negative Pacific-North America (PNA) teleconnection pattern [Wallace and Gutzler, 1981] , with negative height anomalies over western Canada. We also see positive anomalies over the North Atlantic and western Europe, which are linked to the positive anomalies over eastern Canada and the United States (US), and negative anomalies over Scandinavia and eastern Europe, connected to the negative anomalies over western Canada via the North Pole. When the SST index takes on its maximum value (strong El Niño), the negative PNA pattern in Fig. 1a has turned into a positive PNA pattern (Fig. 1d) , with anomaly centers shifted eastward by 30-40 • and with magnitude approximately doubled over the North Pacific and Canada. In both Figs. 1a and 1d, negative height anomalies are found over the west coast of North America, and positive anomalies over eastern Canada and northeastern US. Also, the anomalies over the Atlantic ocean and Europe are maintained in Fig. 1d , but with about a 15 • eastward shift. Clearly, the Z500 anomalies associated with strong El Niño are not simply a mirror image of those associated with strong La Niña.
Figs. 1b and 1e show the anomalies associated with the half minimum and half maximum SST index respectively. The Z500 anomalies decrease in magnitude, especially over the North Atlantic and Europe areas. The anti-symmetry between Fig. 1b and 1e is much more conspicuous than that between Fig. 1a and 1d , consistent with the notion that appreciable SSTA are required for initiating a nonlinear atmospheric response [Hoerling et al., 2001] .
To reveal the nonlinear response in the Z500 anomalies to the tropical SSTA, we plotted in Fig.   1c the difference between the Z500 anomalies in Fig. 1a and double the anomalies in Fig. 1b; and similarly in Fig. 1f , the difference between the anomalies in Fig. 1d and double the anomalies in Fig.   1e . Interestingly, despite the large difference between Figs. 1a and 1d, and the smaller difference between Figs. 1b and 1e, the Z500 anomalies in Figs. 1c and 1f agree well with each other, indicating that regardless of the sign of the SST index, the nonlinear response has positive Z500 anomalies appearing over the central-eastern North America, North Atlantic and western Europe, and negative Z500 anomalies over the west coast of North America, Scandinavia and eastern Europe. The anomaly pattern in Fig. 1c or 1f is consistent with the positive phase of the PNA teleconnection and the positive phase of the NAO being excited.
Next PCA is used to analyze the field of Z500 anomalies resulting from our nonlinear projection of the SST index during Jan. 1950 -Mar. 2003 . The first PCA mode, explaining 74.8% of the variance of the nonlinearly projected Z500 anomalies, gives a typical PNA pattern (Fig. 2b) with main variability over the North Pacific and North America. This pattern displays the linear component of the Z500 signal associated with the SST index, as the first PC (solid curve in Fig. 2a ) is correlated at above 0.99 with the SST index. The second PCA mode, explaining 25.2% of the variance of the nonlinearly projected Z500 anomalies, reveals a spatial pattern (Fig. 2c) resembling the one shown in Fig. 1c or   1f . The second PC (dashed curve in Fig. 2a) has positive values not only during the El Niño years (1958, 1966, 1973, 1983, 1992 and 1998) , but also during La Niña years (1950, 1956, 1971, 1974, 1976, 1989, 1999 and 2000) . Reversing the sign of the solid curve (PC1) when it is below zero yields a fair approximation to the dashed curve (PC2)-i.e. PC2 is noticeably positive whenever PC1 assumes large positive or negative values. Hence, regardless of warm or cold episodes, the Z500 has the same response pattern as depicted by Fig. 2c . This nonlinear component of the Z500 response to ENSO has about one third the variance of the linear component; furthermore, this nonlinear component (Fig. 2c) spreads the ENSO effect well beyond the North Pacific-North America domain of the linear component (Fig. 2b) .
To further illuminate the nonlinear response, we consider a polynomial fit of the SST index to the Z500 anomaly at each grid point. Let T be the SST index, and x n = T n , then z, the Z500 anomaly (reconstructed from the 10 leading PCs) at a grid point, was fitted by z = a 0 +a 1x1 +a 2x2 +· · ·+a NxN , wherex n is x n normalized. For 400 bootstrap samples and for each spatial point of the Z500 anomaly field, regression coefficients a 0 , · · · , a N were computed. After ensemble-averaging over all bootstrap samples, a n provided the spatial pattern associated with the nth order response to the SST index.
When tested over independent data (i.e., data not selected in a bootstrap sample), the smallest MSE (averaged over all bootstrap samples) was found when N = 2, indicating overfitted results when N > 2.
With N = 2, the ensemble-averaged values of a 1 and a 2 are plotted in Fig. 3 .
The linear term (Fig. 3a) resembles the first PCA spatial mode of the nonlinear projection (Fig.   2b ), confirming that this mode has captured the linear response of Z500 to ENSO. The quadratic term (Fig. 3b) resembles the second PCA mode of the nonlinear projection (Fig. 2c) , as well as Figs. 1c and 1f, indicating that the nonlinear response of the Z500 anomalies to ENSO is mainly a quadratic response. As adding cubic terms and beyond to the polynomial fit leads to overfitting, higher order nonlinear response could not be detected robustly.
Summary and discussion
A fully nonlinear projection of the ENSO SST index to the Northern Hemisphere winter (November to March) Z500 monthly anomalies has been achieved using neural networks. During extreme warm and cold episodes, asymmetric Z500 patterns occurred not only over North America but also over In Fig. 2b, c or Fig. 3a, b , over the Euro-Atlantic region, the nonlinear part of the Z500 anomalies is much stronger than the linear part, indicating that the Euro-Atlantic winter climate mainly responds to ENSO nonlinearly. Thus an implication of this work is that to statistically predict the North Hemisphere, especially the European, winter climate from the tropical Pacific SST anomalies, a nonlinear forecast model is needed. 
